Background: Recent epidemiologic evidence suggests that higher circulating vitamin D does not protect against prostate cancer and, in fact, may increase the risk of developing this malignancy. However, few studies have examined the most clinically relevant outcome, prostate cancer mortality.
Introduction
It has been hypothesized that vitamin D may prevent many types of malignancies, including prostate cancer. The primary circulating form of vitamin D is 25-hydroxyvitamin D (25(OH)D), which is considered the best indicator of an individual's vitamin D status (1) , and is converted to the hormonally active form, 1-25-dihydroxyvitamin D (1,25(OH) 2 D), by 1-a-hydroxylase (1, 2) . Laboratory studies have demonstrated that 1,25(OH) 2 D has many anticarcinogenic actions, including being anti-inflammatory, antiangiogenic, and pro-apoptotic (1, 3) . Because vitamin D is synthesized in the skin in response to exposure to UVB radiation, early ecologic studies considered it as a possible explanation for the higher incidence or mortality of some cancers at latitudes receiving less sunlight (4) . Evidence from epidemiologic studies with measured circulating 25(OH)D concentration is inconsistent with respect to the role of vitamin D in prostate cancer, however. A recent meta-analysis concluded that men with higher serum 25(OH)D had a higher risk of developing cancer of the prostate than men with lower serum 25(OH)D (5) , although this analysis did not differentiate between more and less aggressive disease. Two recent studies suggest that the association differs by aggressiveness, with one reporting a possible U-shaped relation with plasma 25(OH)D (6) , and the other indicating higher 25(OH)D, might be associated with an increased risk of low-grade, but a decreased risk of high-grade, disease (7) .
Prostate cancer is the most commonly diagnosed cancer among men in the United States, but has one of the most favorable survival rates, with 94% of patients surviving for at least 15 years (8) . Thus, prostate cancer mortality is perhaps a more clinically relevant outcome for risk association analyses. Yet few studies have examined serum 25(OH)D in relation to this endpoint, and those that have produced conflicting results. Three studies examined prediagnostic 25(OH)D concentrations comparing incident cases of lethal prostate cancer to cancer-free controls; one found an inverse association (9) while two others showed no association (10, 11) . Serum 25(OH)D concentrations at the time of prostate cancer diagnosis were also unrelated to subsequent mortality in two studies (12, 13) , and inversely in one (14) . Most of these studies were relatively small, however (9, (12) (13) (14) , leaving unsettled the issue of whether higher vitamin D status can improve prostate cancer survival.
In the present analysis, we examined the association between prediagnostic serum 25(OH)D and prostate cancer mortality in a cohort of 1,000 men diagnosed with the malignancy in the Alpha-Tocopherol, Beta-Carotene Cancer Prevention (ATBC) Study.
Materials and Methods

Study population
The ATBC Study was a randomized, double-blind, placebocontrolled, primary prevention trial conducted to determine the effects of supplementation with a-tocopherol and b-carotene on cancer incidence (15) . Caucasian male smokers (n ¼ 29,133) from southwestern Finland were recruited between 1985 and 1988. Men were between the ages of 50 and 69 at baseline and smoked at least 5 cigarettes per day as part of the enrollment criteria. Men were ineligible if they had previously had cancer or another serious illness at enrollment, or if they reported current use of supplements containing vitamin E (>20 mg), vitamin A (>20,000 IU), or b-carotene (>6 mg). Men who were enrolled in the trial were assigned to one of four groups based on a 2 Â 2 factorial design: (i) a-tocopherol (dl-a-tocopheryl acetate, 50 mg/day); (ii) b-carotene (20 mg/day); (iii) both supplements; or (iv) placebo. Trial participants were supplemented for 5 to 8 years, until death, or until the trial ended on April 30, 1993. Although the intervention trial ended, follow-up is ongoing through the Finnish Cancer Registry and the Register of Causes of Death and for this analysis is complete through December 31, 2012. The ATBC Study was approved by institutional review boards at both the U.S. National Cancer Institute and the Finnish National Public Health Institute, and written informed consent was obtained from all participants. At enrollment, participants completed questionnaires about general risk factors, smoking, and medical history, as well as a food-frequency questionnaire (16) . Participants also underwent physical examination by registered nurses to measure their height and weight, and to collect an overnight fasting blood sample.
Exposure and outcome assessment
Previously, 1,000 prostate cancer cases were selected as part of a case-control set for which 25(OH)D was measured. Details of the case-control selection have been published (11) . For the present analysis, these 1,000 cases were treated as a cohort with participants entering at the time of prostate cancer diagnosis. Follow-up time was calculated from the date of diagnosis to date of death from prostate cancer, death from another cause, or the censoring date (December 31, 2012), whichever was earliest. Cause of death was ascertained by linkage with the Register of Causes of Death. Cases were defined as death from prostate cancer as the underlying cause (n ¼ 363); men with all other causes of death were censored at their death date.
25(OH)D was measured by Heartland Assays, Inc. using the DiaSorin Liaison 25(OH)D TOTAL assay (17) . Each batch of samples contained four or six blinded quality control (QC) samples from our study; inter-and intrabatch coefficients of variation (CVs) were 7.1% and 10.1%, respectively. Additional details of the laboratory and quality control methods have been published previously (18) .
Statistical analysis
All statistical analyses were conducted using SAS v.9.2. Survival time was estimated by quintiles of 25(OH)D using the KaplanMeier method. Cox proportional hazards models were used to estimate the hazard ratio (HR) and 95% confidence interval (CI) of death from prostate cancer by season-specific quintile of 25(OH)D. Quintile cutoff points were determined separately for men whose blood was collected in the winter (November-May) and in the summer (June-October) based on the control distribution in the original case-control study in each season. The cutoff points were as follows: winter: Q1 16, Q2 >16-24, Q3 >24-33, Q4 >33-46, Q5 >46 nmol/L; summer: Q1 26, Q2 >26-36, Q3 >36-49, Q4 >48-60, Q5 >60 nmol/L. The trend across categories was assessed by entering an ordinal variable into the model, treating it as a continuous variable, and assessing its statistical significance using the Wald test.
Factors that are known or hypothesized to be associated with prostate cancer survival or circulating 25(OH)D concentration were considered as potential confounding variables and were included in the multivariable model. The final multivariable models were adjusted for: age at diagnosis with prostate cancer (years, continuous), physical activity (yes ¼ at least light or moderate occupational activity or moderate leisure time activity), and family history of prostate cancer (yes, no, and missing). Further adjustment for stage at diagnosis, trial supplement assignment, or time from blood collection to diagnosis with prostate cancer did not alter the results, and therefore are not included in the final model. Analyses were conducted stratifying by survival time (< median, ! median, i.e., 3.3 years), disease aggressiveness at diagnosis, and time between blood collection and prostate cancer diagnosis (< median, ! median, i.e. 12.5 years).
Results
Characteristics of the cohort of cases by prostate cancer survival status are shown in Table 1 . The cases that died of prostate cancer were older at blood collection but younger at the time of prostate cancer diagnosis, were less physically active, and were more likely to have a family history of prostate cancer. There were no differences in vitamin D dietary intake or supplement use by prostate cancer survival status. Characteristics of the cohort by seasonspecific quintile of 25(OH)D are shown in Table 2 . Men with higher serum 25(OH)D tended to be older at the time of blood collection and prostate cancer diagnosis, were more physically active and more likely to have a family history of prostate cancer, and had higher dietary and supplemental vitamin D intake and serum a-tocopherol and b-carotene.
After adjustment for age at diagnosis, men with prostate cancer who had higher serum 25(OH)D were less likely to die from their disease than men with the lowest serum 25(OH)D (Q5 vs. Q1 HR, 0.69; 95% CI, 0.50-0.95; P trend , 0.003; Table 3 ). There was very little attenuation of these findings with multivariable adjustment (Q5 vs. Q1 HR, 0.72; 95% CI, 0.52-0.99; P trend , 0.006; Table 3 ). In the crude Kaplan-Meier analysis, prostate cancer-specific survival appeared better for men with higher 25(OH)D, consistent with the data in Table 3 (log-rank P ¼ 0.07; Fig. 1 ).
The inverse association between serum 25(OH)D concentration and prostate cancer mortality appeared restricted to men who lived longer (Table 4) . Among men who lived <3.3 years after being diagnosed, 25(OH)D was unrelated to mortality (Q5 vs. Q1 HR, 0.95; 95% CI, 0.61-1.50; P, 0.53), whereas among men who lived !3.3 years, there was an inverse association (Q5 vs. Q1 HR, 0.53; 95% CI, 0.34-0.85; P ¼ 0.0002; Table 4 ). We observed no effect modification when stratifying by disease aggressiveness or time between blood collection and diagnosis, or when men diagnosed within 2 years of blood collection were excluded (data not shown).
Discussion
In this large prospective examination of men diagnosed with prostate cancer, we found that higher serum 25(OH)D up to 20 years prior to diagnosis was related to statistically significantly increased prostate cancer survival. The finding was independent of stage or grade at diagnosis, and was stronger among men who survived longer. Because the association was unchanged when we excluded from the analysis men diagnosed within 2 years of blood collection, reverse causality is an unlikely explanation for it. Similarly, the stronger association among cases that lived longer with their prostate cancer reduces the possibility of lead-time bias.
The previous literature regarding vitamin D status and prostate cancer mortality is limited and has yielded mixed results, with some studies showing an inverse relation (9, 14) and others reporting no association (10) (11) (12) 19) . As with most studies of lethal prostate cancer, sample size is an important concern; i.e., all of the null studies, including a previous analysis in the present cohort based on 276 deaths, had insufficient power (i.e., 6%-41%) to detect an association of the magnitude of their reported OR or HR for higher circulating 25(OH)D, leaving it uncertain whether they were truly null (10) (11) (12) 19 ). The present findings of a beneficial role for higher vitamin D status and survival are, however, consistent with the two studies showing inverse associations between 25(OH)D and either incident prostate cancer that resulted in death (9), or mortality after prostate cancer diagnosis (14) . Differing study designs and assessment of 25(OH)D status at varying times relative to the prostate cancer diagnoses likely also contributed to the divergent findings. For example, three studies examined circulating 25(OH)D at the time of diagnosis in relation to disease-specific mortality (12, 14, 19) , and one only enrolled men with stage IV disease (12), thus potentially (and likely) entailing an element of reverse causality, with both primary tumors and distant metastases influencing vitamin D status. These studies contrast with those examining prospective, prediagnostic 25(OH)D concentrations in men diagnosed with prostate cancer that would prove lethal and prostate cancer-free controls (9) (10) (11) , whereas the present analysis focused on disease-specific survival among men with prostate cancer. Additional investigations are clearly needed.
A recent meta-analysis of 21 studies including nearly 12,000 cases and 14,000 controls examining circulating 25(OH)D in relation to prostate cancer incidence reported that higher 25(OH)D was associated with an increased risk of developing prostate cancer (5), and there is evidence from biomarker and genetic studies that this may pertain to high-stage and highgrade disease (11, 20) . That the directionality of the association between circulating 25(OH)D and prostate cancer risk may be opposite that of prostate cancer mortality would on the surface seem counterintuitive. However, the direct association with survival in the present analysis was independent of stage and grade at diagnosis, and although higher stage and grade are associated with poorer prognosis, they are not perfect predictors of survival. One possible explanation for the findings is that vitamin D influences prostate tumor metastasis through mechanisms unrelated to stage or grade at diagnosis. For example, one study found that vitamin D prevented metastasis of androgen independent prostate tumors in rats (21) , studies of prostate cancer cell lines have shown vitamin D inhibition of metastasis through decreased motility, chemotaxis, and invasion (22, 23) . Another possible explanation for the present findings is that higher vitamin D being associated with elevated risk of non-lethal prostate cancer leads to an enrichment of non-lethal disease in the higher 25(OH)D quintiles and a spurious inverse association with lethal disease. This potential source of bias could not, however, explain the inverse association observed with incidence of disease that proved to be lethal compared with cancer-free controls in one study (9) .
The present analysis has many important strengths, including our relatively large number of prostate cancer deaths, measurement of 25(OH)D in prospectively collected serum in one laboratory, and detailed information on potential confounding factors. Although our findings and those from some previous studies suggest that years prior to diagnosis and earlier in the natural history of prostate cancer may be the important etiologic window to capture the 25(OH)D-survival relation, we did not have measurements of 25(OH)D for the cases at multiple time points to examine this further. Additional studies with vitamin D data before and after prostate cancer diagnosis could address this issue.
In this population of men diagnosed with prostate cancer, higher serum 25(OH)D prior to diagnosis was associated with improved prostate cancer survival. Our findings that higher 25(OH)D reduces the most clinically relevant prostate cancer outcome, disease-specific mortality, if true, could have important public health implications, including whether vitamin D supplementation should be considered for men diagnosed with prostate 
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